Spin and energy analyzed photoemission: A feasibility analysis
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New scientific opportunities, particularly for investigation of surface magnetism, will be
provided by spin and energy analyzed photoemission. Electron-optical conservation laws and
phase space concepts are summarized and applied to determine the feasiblity of an
experiment consisting of a photoemitter in a magnetic field, a photoelectron energy analyzer
and an electron spin analyzer. For the example of photoemission from a Ni crystal using He
1 resonance radiation and typical parameters for the energy and spin analyzers, a final signal
count rate of approximately 220 counts/s is calculated. Ways to increase the count rate by
orders of magnitude are described. In particular, a new experimental configuration is
suggested which may avoid the large reduction in count rate caused by the magnetic field.

INTRODUCTION

Over the past 15 years, a great deal of knowledge about
the electronic structure of solids and surfaces has been
derived from photoemission measurements.! The
simplest photoemission measurement is that of the
quantum yield of electrons per photon at each photon
energy. The yield measurement is energy integrated in
the following sense: all possible transitions at a given
photon energy between states separated by that energy
contribute to the photocurrent if the final state is above
the vacuum level. If, additionally, the kinetic energy of
the photoemitted electrons is measured, one can obtain
an energy distribution curve (EDC), so that the initial
and final state energies of the electron are known (with
possible corrections for relaxation). The measurement
of the angle of emission in addition to the kinetic energy
provides information on the origin of the electron in
momentum space.

The degree of spin polarization P = (N1 — N|)/
(N1 + N|), where N7, N| are, respectively, the number
of electrons parallel or antiparallel to a quantization
direction, is not usually measured in photoemission
experiments. The photoelectrons may be polarized,
for example, if they are emitted from a ferromag-
net in which the domains have been aligned by the
application of an external magnetic field. In nonmagnetic
materials, photoelectrons may be polarized when ex-
cited from spin-orbit-split bands by circularly polarized
light. Other causes of spin-polarized photoemission
from nonmagnetic surfaces? and from gases have been
proposed.®

The polarization of photoemitted electrons has only
been determined to date in an experiment analogous to a
quantum yield measurement; that is, the polarization
of the total photocurrent is measured as a function of
photon energy, P(#w). Energy and spin analysis of
photoelectrons have not yet been combined. Even so,
considerable information has been obtained about the
energy location of polarized electron states by measure-
ment of P(fiw) near photothresholds.*?
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Just as most of our knowledge from photoemission
measurements has come from energy analysis of the
photoelectrons rather than from yield measurements,
we expect to learn much more if we can add energy
analysis to spin-polarized photoemission measurements.
Then polarized electronic states lying deeper in energy
can be detected by excitation at higher photon energy.
In contrast, yield type measurements are confined to
photon energies near threshold, because at higher pho-
ton energies information is obscured by the energy
integration of many transitions. With energy analysis
the initial and final states of the photoelectron will be
known. Since measurements will not be limited to thresh-
old, the photon energy can be chosen in the range of
intense light sources (such as resonance lamps or mono-
chromatized synchrotron radiation). The photon energy
can be varied to change the final state corresponding to a
given initial state and to study matrix element effects.
It can be chosen so that the photoelectrons have a short
mean-free path for inelastic scattering causing the meas-
urement to be very surface sensitive, or it can be
chosen so that bulk characteristics are emphasized.

The scientific opportunities for spin and energy
analyzed photoemission are numerous and varied.
Energy analysis will allow an accurate determination
of the energies of magnetic levels in solids. In non-
magnetic materials, information on the spin properties
of the wavefunctions can be obtained.®? By adjusting the
photon energy to enhance surface sensitivity, energy
analyzed spin-polarized photoemission will provide a
measure of the surface magnetization. Measurements
as a function of temperature will permit studies of an
approximately two-dimensional critical phenomenon.
Measurements of P when gases are adsorbed on a
magnetic surface will give information on the role of
local moments in chemisorption.

The elements of an energy analyzed spin-polarized
photoemission experiment will be presented in Sec. I.
The experiment is seen to be difficult because an elec-
tron beam which originated at a photocathode in a
magnetic field has low electron-optical brightness when
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'B FiG. 1. The photocathode configura-
AN y tion employed in successful spin-polar-
/ - ized photoemission measurements to

l date. A coil produces a magnetic field
perpendicular to the sample surface and
§ colinear with the electron beam.
Fuw

it is outside the field, and because the spin detectors
are inefficient. Because of these difficulties, it is essential
to consider carefully the electron-optical characteristics
of each stage of the experiment. In Sec. II, some back-
ground on electron-optical conservation laws is given
and each part of the experiment, the photocathode, the
energy analyzer, and the spin detector, is analyzed sepa-
rately. In Sec. III we make quantitative estimates for
an energy analyzed spin-polarized photoemission meas-
urement of Ni. Estimates can be made of the maximum
signal to be expected, assuming other aspects of the
experiment, such as alignment, are optimized. Ways
to improve the experiment, including a novel con-
figuration, will be discussed.

I. THE EXPERIMENT AND THE DIFFICULTIES

Successful spin-polarized photoemission measure-
ments*? to date have been accomplished using the
photocathode configuration shown in Fig. 1. The mag-
netic field axis, the electron beam axis and the light direc-
tion are colinear and normal to the sample surface. The
spin polarization is longitudinal, that is, colinear with the
electron beam. The possibility of using an alternate
configuration will be discussed in Sec. 1II. The spin is
analyzed by a Mott detector.® The transverse polariza-
tion required for the Mott detector may be obtained by a
90° electrostatic deflection of the beam or by a spin rota-
tion in crossed electric and magnetic fields as in a Wien
filter. Since the transverse polarization can be obtained
without beam loss, we shall not discuss such devices
further. A detailed schematic of a spin-polarized photo-
emission apparatus can be found in Ref. 4.

The two major difficulties of the experiment are
caused by the magnetic field normal to the sample sur-
face and by the inefficiency of the Mott detector. The
magnetic field is required to align the domains of a mag-
netic sample. Even in the case of a permanent magnet
requiring no applied field, the field inside and outside
is the same, B; = B, since the normal component of B
is continuous across the surface. Typically in an experi-
ment B is of the order of the saturation magnetiza-
tions, since then the polarization is maximum.

The magnetic field at the cathode causes the beam to
have low electron-optical brightness outside the mag-
netic field. Electrons emitted off axis in the magnetic
field have an angular momentumr X (mv — ¢A), where m
is the electron mass, v its velocity, —e its charge, and A
the magnetic vector potential. In a cylindrically sym-
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metric system with coordinates r, 0, z, the axial com-
ponent of the angular momentum, or equivalently the
component of canonical momentum P, conjugate to the
cyclic coordinate 6, is conserved,

Py, = mri® — erAy(r,z) = constant. (n

The canonical angular momentum of off-axis electrons,
r # 0, in the longitudinal magnetic field corresponding
to the vector potential A,, goes into kinetic angular
momentum and hence skew trajectories in regions of re-
duced magnetic field. Eq. (1) is the basis of Busch’s
theorem which will be discussed in Sec. II.

Spin analysis is traditionally carried out using a Mott
detector. In a Mott detector, energetic electrons (~100
keV) are scattered from heavy nuclei, such as gold.
The interaction of the electron’s spin with its own orbital
angular momentum as it scatters gives rise to a left-right
asymmetry in the numbers N, N, of electrons scattered
into the detectors depending on whether the polariza-
tion P is parallel or antiparallel to the normal to the
scattering plane:

Ny = (N/2Y(1 + SP), N,=(N/2X(1 — SP). ()

For scattering from Au, thin foils must be used to
avoid multiple scattering. Most of the N, incident elec-
trons go right through this foil and only a small number
N = N, + N, are backscattered at 120° into the detec-
tors. Depending on detector area, N/N, typically ranges
from 107* to 107>, The size of the asymmetry depends
on S, which for Au foils typically used is ~0.25. The
statistical uncertainty (standard deviation) in the polari-
zation measurement is given by®

AP = VI/NS*. (3)

Because § < 1, a greater count rate is required to reach
a given precision. To compensate for losses in the spin
analysis, N, would have to be greater by a factor of at
least 10%.

Clearly, both the photocathode in a magnetic field
and the spin analysis are sources of difficulty in the
experiment. In the case of spin polarized photoemission
from nonmagnetic materials no magnetic field is re-
quired. With only the losses due to spin analysis the
experiment is easier.

Il. ANALYSIS
A. Electron-optical conservation laws

By applying phase space concepts in the analysis of
the experiment we can estimate its feasibility without
performing any detailed calculations of the electron
trajectories. If electrons are represented in phase space
by coordinates x, y, z and conjugate momenta P, P,
P., then Liouville’s theorem states that the volume ele-
ment at point a is the same as that at a later time when
the beam has propagated to another point b,

dxdy“dz*dP ,"dP"dP " = dx’dy’dz*dP ,’dP /dP.’. (4)
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The points in phase space behave like an incompressible
fluid and the density of particles in phase space is con-
stant for a Hamiltonian system according to Liouville’s
theorem. The system we are considering, of electrons
moving in macroscopic electric and magnetic fields,
is Hamiltonian. An example of a non-Hamiltonian
system is one in which the radiative damping of an
accelerated charge needs to be considered.®

The envelope of an electron beam emitted from a
photocathode in a magnetic field encloses a certain
volume in phase space. The energy analyzer and spin
detector accept a limited volume of phase space. If the
phase space occupied by the emitted beam is greater than
that accepted by one of the other components, there
will be electrons lost.

In our problem we are concerned with the effect
(focusing, deflection, etc.) of electron-optical com-
ponents on the motions of particles in x and y directions
which are locally perpendicular to the (not necessarily
straight) beam path along z. If we consider a nearly
monoenergetic beam of particles and ignore aberrations
and other coupling of the x and y motions to the z motion,
we can work in a phase space of lower dimension,®
where the volume element is dxdydP ,dP,. The canonical
momentum is P = p& — eA, where p is the electron
momentum in a direction given by the direction cosines
£, &, and £,. In a paraxial ray approximation the veloc-
ity in the z direction is unaffected by small transverse dis-
placements. In the absence of a magnetic field, dP,
=dp, = pAdé,.

The conserved quantity dxdydP,dP, in this four-
dimensional space may therefore be written,

EdAdQ = constant, (%)

where E = p%2m is the beam energy, dA = dxdy is the
differential area, and dQ = d¢,dé€, is the differential
solid angle of the beam at some cross section. Although
Eq. (5) is more general,'® it is usually applied to the
paraxial beam situation we are considering; in this case
Eq. (5) can be integrated to give an equation for the
conservation of the phase space product,

E1A191 = E2A2025 (6)

for any two cross sections 1 and 2 along the beam. Re-
lated to the phase space product is the electron-optical
brightness defined as'' B = dI/dAdQ}, where dI is the
differential current through a differential area dA and
dQ is the solid angle subtended by the electron beam at
dA. When the current is conserved Eq. (5) gives %/E
= constant.

There are some integral invariants which characterize
certain properties of an electron beam and remain
constant during the motion. These are useful for calculat-
ing the effective phase space product when magnetic
fields are present. We consider a set of electron trajec-
tories passing through a surface S, bounded by the
curve C, and then through surface S, bounded by C,.
The Lagrange integral invariant is'?-13
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J (VxP)dS = J (V x P)-dS @)
S1

S2

In hydrodynamic terms, this equation expresses the
conservation of vorticity V X P. The line integral form
of Lagrange’s invariant is called Poincaré’s invariant
and is expressed as

§ P-dl=§> P-4l ®)
e 2

Equation (8) will be applied in the next section to the
analysis of the photocathode in a magnetic field. Further
discussion and a proof of these invariants can be found
in Refs. 12 and 13.

A generalized form of Busch’s theorem is obtained
from Eq. (8), using P = p — ¢A and Stokes’ theorem,

% p-dl—% p-dlzej B-dS—eJ B-dS. (9)
Cy C2 S1 S2

In an axially symmetric system, if the two closed curves
C, and C, are circles of radii r, and r, enclosing surfaces
$, and S, with planes perpendicular to the axis, we ob-
tain Busch’s theorem

10, — 320, = (e/2m)(rB,, — r,?B,y),  (10)

where B,; is the component of B; normal to surface S;.
The increase in the kinetic angular momentum between
two points is proportional to the change in magnetic
flux through the beam cross section at the two points.
In Eq. (10), 0 is the angular velocity of an electron about
the axis. Since the magnetic field along the axis is B,
= 2A,/r, Eq. (10) is just a statement that the axial com-
ponent of the canonical angular momentum is con-
served. Thus, a beam originating from a finite area at a
cathode where 8, = 0 and B,, # 0, cannot according to
Eq. (10) be focused somewhere else to a point, that is
where r, = 0. More generally, from Eq. (7) if we con-
sider S, to be in the cathode surface and the component
of p tangent to the cathode surface is zero,'

J (V x P)-dS
S2

- f [(V X p) — eB]-dS = —ef B,dS. (11)
St 3

S1

If B, at the cathode is zero, V X P = 0 and hence
P = VV, where V is a scalar function of position only.
The vector P forms an irrotational field and the flow is
said to be congruent. In this case, Poincaré’s invariant
vanishes, which is equivalent to saying that a system of
rays emanates from a point. Likewise, a given system of
rays can only be focused to a point if the Poincaré
invariant vanishes. On the other hand, if B, is non-
zero, P does not form an irrotational field and the flow
is said to be noncongruent. We apply these electron-
optical concepts to analyze the spin and energy analyzed
photoemission experiment, element by element, in the
next sections.
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FiG. 2. Diagram for applying the Poincaré invariant to a photo-
cathode in a magnetic field. The illuminated area of the sample is
bounded by the circle C, of radius r, and is located in a magnetic
field B, normal to the surface. The minimum diameter of the beam
outside the B field is r,.

B. The photocathode

The Poincaré invariant, Eq. (8), can be applied at a
photocathode where B, # 0 to determine the smallest
area solid angle product which can be achieved by the
beam focused outside the magnetic field. We consider an
axially symmetric tube of rays emanating from the
illuminated area of the cathode surface enclosed by a
circle C, of radius r,. The initial energy of the electrons is
neglected and there is a magnetic field B,. Using Poin-
caré’s invariant at the cathode we have

i; PodO = 2mr,eAq = mri%eB,,. (12)
C1

The envelope of the rays is a hyperboloid of revolution'®
as in Fig. 2. Now we consider the Poincaré integral at
the minimum radius r,, where the half-angle of the cone
formed by the asymptotic ray of the envelope is «,

j( PydO = 2mp,r, sina. (13)
Cy

For rays near the axis, sina = « and equating Eqs. (12)
and (13) we can write a generalized emittance

€ = rya = Vaer ’B,Ips. (14)

Noting that the tangential velocity r,8, = v sinae = va, a
similar result can be obtained from Busch’s theorem.
The emittance in a magnetic field has also been con-
sidered by Hughes et al.'* Because AQ = 7’¢*, we find
for our phase space product for the envelope of an
electron beam emitted at zero energy from a photo-
cathode in a magnetic field,

EAQ = (m%e?8m)r*B,?
=2.17 x 107% *B,2 mm?-sr-eV, (15)

where the radius is expressed in millimeters and the
magnetic field in gauss.
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C. The energy analyzer

We next wish to determine the phase space product
EAQ) that the energy analyzer can accept. An important
property of an energy analyzer is the resolving power
p = Ey/AE,,,, where E, is the central energy of the pass-
band of the electrons in the analyzer, and AE, , is the full
width at half-maximum of the energy spread of the
analyzed beam. The figure of merit for an energy
analyzer is'

M = pA), = E,AG/AE,,. (16)

This allows the comparison of analyzers which operate
at different energies E,. There is a trade-off between the
acceptance (A {),) of an analyzer and the resolving
power. Since the acceptance of analyzers always in-
creases faster than p decreases, M is maximized when
the analyzeris operated at the lowest practical value of p.

The figure of merit of an analyzer increases with its
size. For a 180° spherical analyzer

M = 20R*a*mm?-sr, (17

where the mean radius of the beam path R is in milli-
meters and the acceptance cone half-angle « is in
radians. There are similar relations for other types of
analyzers showing that, in general, M increases as the
square of a characteristic dimension. To get a feeling for
the numbers, a spherical analyzer with 100-mm mean
radius and an acceptance angle « of 0.1 rad has M = 20
mm?-sr. This, for example, is the same M as a com-
mercial single pass cylindrical mirror analyzer used on a
scanning Auger microscope.

D. The spin analyzer

There are several factors to be considered in deter-
mining the effect of the spin analyzer on the signal to
be measured. First, the EA Q product tells us what frac-
tion of the electrons are accepted by the device.
Secondly, in the case of the scattering-type spin ana-
lyzers we will consider, there is some fraction N/N, of
the incident electrons N, which reach the detectors
and there is a scattering asymmetry S.

For the Mott detector which was introduced in Sec. I,
we can get an idea of EAQ from some typical numbers.
A typical Mott detector might focus the beam to a 2-mm-
diam spot at 100 keV with a cone half-angle of 1°.
This gives EAQ = 300 mm?*-sr-eV. The high final
energy, which is perhaps experimentally inconven-
ient, increases greatly the phase space accepted by
the Mott analyzer. The signal losses caused by the Mott
analyzer are due to the factor S2N/N,. A typical Mott
detector has S*N/N, = 6.3 x 107% (§ = 0.25. N/N,
= 107%). §2N/N, is the figure of merit for a Mott detector.
However, if not all of the electron beam is accepted by
the Mott detector, the figure of merit is reduced by
(EAQ),/(EAQ);, where d and i refer to the detector and
incident beam phase space, respectively.

There is the possibility of increasing S*N/N, by ex-
ploiting spin-polarization effects in polarized low-energy
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electron diffraction (PLEED) from high atomic number
single crystals.'® The first prototype of such a detector
operates!” at 105 eV and has S*N/N, = 8.6 x 1073
(S = 0.28, N/N, = 1.1 x 107%). The angular acceptance
is approximately a 0.5° cone half-angle with a 2-mm-diam
limiting aperture,’”® which gives EAQ = 0.08 mm?*-
sr-eV. While at this time this type of detector is in the
experimental stage, it has the advantage of being a small,
bakeable ultrahigh vacuum device which makes it attrac-
tive for spin and energy analyzed photoemission.

i1l. DISCUSSION

The above phase space consideration of the energy
and spin analyzed photoemission experiment are suffi-
cient to estimate the count rates to be expected for a
given experiment and hence the expected precision AP
in the polarization for a given measurement time. We
illustrate this by carrying through the analysis for a Ni
sample using a He 1 resonance lamp at 21.2 eV. Ways
to improve the count rate will then be discussed.

A. Ni example

We consider a Ni crystal illuminated by a He dis-
charge lamp at 21.2 eV. The most energetic electrons
have an energy of approximately 16 eV. A typical total
emitted photocurrent is 107® A. This corresponds to a
light flux of 2 x 10! photons/s and a quantum yield of
3%. We select an energy resolution of 0.2 eV and then
have 80 0.2-eV channels in the distribution of emitted
electrons which have on the average 8 x 107 elec-
trons/s in each channel. We wish to follow these elec-
trons and determine the final signal count rate.

The saturation magnetization in Ni is about 6 kG. If
the crystal area illuminated by the resonance lamp is
1 mm diam, we have from Eq. (15), EAQ) = 4880 mm?-
sr-eV. For a spherical energy analyzer such as that dis-
cussed in Sec. II C, with M = 20 mm?-sr, the phase
space for AE,, = 0.2 eV is MAE,,, = 4 mm?*-sr-eV.
The large disparity between the phase space product of
the photocathode and the energy analyzer means a large
loss in the electron beam. The loss is determined by
calculating the largest ring of radius r illuminated on
the cathode which yields a beam envelope with FAQ
that can be accepted by the energy analyzer. All an-
nular-shaped areas of smaller radius will have smaller
EAQ. The loss is not as large as might appear at first
glance, since the EAQ) for a cathode in a magnetic field
decreases as r* while the intensity is proportional to the
area or r2. In our Ni example, only the central region of
the Ni crystal, 0.17 mm diam, yields photocurrent which
can be accepted by the energy analyzer, corresponding
to a factor of 35 intensity loss.

In Eq. (15) the initial energies of the electrons have
been neglected. Electrons emitted from near the Fermi
level have an energy near 16 e¢V. In the absence of a
magnetic field and for isotropic emission, the effective
area-solid angle product is AQ = wA. For a 0.17-mm-
diam emitting area FAQ = 1.1 mm?2-sr-eV, approxi-
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mately one-quarter that of the photocathode in a mag-
netic field. Any angular dependence of the emission is
obscured by the skew trajectories caused by the mag-
netic field. The magnetic field does not cause a problem
in a field emission measurement because of the small
emitting area. It has been possible to combine spin
analysis and energy analysis (using a retarding field
rather than a dispersive energy analyzer) in a field emis-
sion measurement of EuS."

At the Mott detector we have the loss due to the fac-
tor N/N,. Taking a typical value N/N, = 1074, coupled
with the factor of 35 loss at the energy analyzer, the
average count rate is reduced from 7.8 X 107 counts/s
to 223 counts/s. Using Eq. (3) with § = 0.25 we find
AP = 2% for a 180-s integration time. For the prototype
PLEED detector discussed above, the count rate would
be 49 counts/s, and a precision of 2% requires an integra-
tion time of ~650 s. While these are reasonable signals,
they are marginal for a surface-sensitive experiment
(e.g., Ni at ~Aw = 21.2 eV) where surface contamination
can be a problem. Also, for other samples, such as Fe
or Co which require higher magnetic fields, the losses are
more severe. Some ways the signal might be increased
are discussed in the next section.

B. Improving the count rate

The most obvious way to improve the count rate is to
start with more electrons. High-brightness storage rings
with efficient monochromators provide intense sources
of synchrotron radiation. As seen above, large factors
can be won if the incident radiation is focused to a small
spot on the sample surface. Suitable resolution can be
achieved with a monochromator bandpass of several
A which can provide a larger total number of photons
than the narrow He 1resonance line. While from Eq. (15)
it would also be desirable to reduce B, in the experi-
mental configuration of Fig. 1 there would be a corre-
sponding decrease in P.

The figure of merit of the energy analyzer can be
increased, Eq. (17), by making it physically larger.
Suitable combinations of lenses can also increase o. An
increase in the figure of merit of up to a factor of 10 over
the typical value used in the Ni example might be gained
by optimizing the energy analyzer.

The figure of merit of the Mott detector S*N/N,
can also be increased. § is a parameter of gold and
reaches a maximim S, = 0.39 for a zero-thickness foil
and 100-keV electrons. It varies as

§ =Sl + ad)™!, (18)

where a = 0.0026 is a constant and d is the thickness.?"
For thin foils, N/N, increases linearly with thickness,
whereas S decreases approximately linearly with thick-
ness. Therefore one gains in the figure of merit by
going to a thinner foil. However, an § greater than 0.3
corresponding to a foil thickness of approximately
100 ug/cm? is impractical. The largest improvements in
the Mott detector can be achieved by increasing N/N,
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Fi1G. 3. Suggested configuration with B field in the surface. B outside
the surface is very small.

by increasing detector size or number of detectors. The
largest N/N, reported®! to date is 1.5 x 1073 with §
= 0.26. This represents a figure of merit 16 times greater
than the typical value used in the Ni example and gives
an idea of what can be achieved by Mott detector opti-
mization.

The PLEED spin detector has great potential for im-
provement over the prototype described in Sec. II D.
PLEED experiments are in progress at NBS to find an
optimum material and diffraction configuration. If a
condition can be found where S is large and insensi-
tive to angle variations, a large solid angle and beam
diameter could be accepted so that EAQ) could reach
4 mm?2-sr-eV with S2N/N, = 1072, Further spin detector
development is necessary before a definitive compari-
son of detectors can be made.

C. Proposed experimental configuration

As can be seen from Eq. (11) it is the component of
B normal to the photocathode surface that causes the
trouble. A configuration with B in the surface is shown
in Fig. 3. The sample to be studied completes the toroidal
magnetic circuit. In this case the applied field H is
continuous across the surface. The B field outside is
much smaller than inside. In this geometry only a small
H field need be applied to magnetize the sample. In the
case of Ni along the easy direction of magnetization
[111], only about 50 Oe is required. In favorable cases,
the applied field can be removed after the crystal is
magnetized.

Such a configuration with B parallel to the surface goes
against the conventional wisdom.* Earlier experi-
ments®* 2 performed using this geometry failed to ob-
serve any spin polarization in photoemission from Fe,
Co, and Ni. However, this failure is likely attributable
to the vacuum conditions in these experiments and
failure to minimize stray magnetic fields, particularly
those normal to the cathode. Sufficient accelerating
potential must be applied to extract the electrons from
the emitter when there is a magnetic field parallel
to the surface. For example, an electric field of a few
hundred V/cm is sufficient to extract the electrons so
they are deflected =1 mm in traveling 1 cm through a
magnetic field of the order of 10 G. Note that the spin
and magnetic field are colinear so there is no precession,
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the same as in Fig. 1. It is critical that there be no stray
B normal to the surface which would cause a presession
of the spin and loss of the spin-polarization information.
For example, a 10-eV electron precesses ~0.1 rad/cm in
a 1 G field. Because of the high permeability of the
toroid material, B, can be less than 1% of the tangential
B, even when the winding on the toroid is concentrated
as in Fig. 3.% If the stray field normal to the photo-
cathode surface is sufficiently small, the magnetic field
at the cathode is no longer a problem. The count rate in
our Ni example would be increased by a factor of 35 to
7.8 x 10° counts/s and the integration time for a 2%
uncertainty reduced to ~5 s. The experiment can then be
treated as a conventional photoemission experiment
with the difference in count rate being just due to losses
at the spin detector. Angular resolution of the emitted
electrons is also possible in this configuration.

IV. DISCUSSION

Using phase space concepts and electron optical con-
servation laws it has been possible to determine the
feasibility of the energy and spin analyzed photo-
emission experiment, for the specific example of a Ni
crystal and a He 1 resonance lamp. The estimated final
count rate of ~220 counts/s provides an uncertainty
in the polarization AP of 2% for a 180-s integration time.
Although typical parameters were used in the estimate,
each part of the experiment—the photoemission, the
energy analyzer, and the spin analyzer—can be further
optimized. An intense, well-focused light source, a large
energy analyzer with large acceptance angle, and a Mott
analyzer with a large detector area can greatly improve
the count rate in the traditional experimental con-
figuration. Each improvement is important, facilitates
surface-sensitive measurements, and can compensate
for possible losses due to other factors such as imper-
fect alignment. An experimental configuration has been
proposed which will reduce the problem associated
with the magnetic field at the sample surface, reduce
the integration time for a 2% uncertainty to 5 s without
other improvements, and allow angle analysis. In short,
the experiment looks promising. Spin, angle and energy
analyzed photoemission is an exciting new experi-
mental technique and will be a powerful way to in-
vestigate bulk and surface magnetism.

Note added in proof: The proposed new experimental
configuration has been successfully used in a polarized
low energy diffraction (PLEED) experiment on ferro-
magnetic Ni(110) at energies as low as 20 eV. [R. J.
Celotta, D. T. Pierce, G.-C. Wang, S. D. Bader, and
G. P. Felcher, Phys. Rev. Lett. 43, 728 (1979).]
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